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EXPERIMENTAL EVALUATION OF OUTER 
CASE BLOWING OR BLEEDING OF 

SINGLE STAGE AXIAL FLOW COMPRESSOR 

PART I V  - PERFORMANCE OF BLEED INSERT 
CONFIGURATION NO. 3 

C .  C .  Koch and L .  H. Smith, Jr. 

ABSTRACT 

A 1120 feet pe r  second t i p  speed r o t o r  having an aspect r a t i o  of 4 . 5  and an 
i n l e t  hub-tip radius  r a t i o  of 0 .5  was equipped with a porous outer  casing so 
t h a t  a i r  could be bled from over t h e  blade t i p  f o r  boundary layer  cont ro l .  
Testing was conducted with d i s to r t ed  as well as undis tor ted i n l e t  flow, and 
overa l l  and s t a l l i n g  performance da ta  were obtained f o r  each i n l e t  condition. 
I t  was determined t h a t  ro t a t ing  stalls  begin a t  t he  t i p  of t h e  r o t o r  with 
d i s to r t ed  i n l e t  flow, and t h a t  i n  such a s i t u a t i o n  t h e  ex t rac t ion  of boundary 
layer  a i r  is  e f f ec t ive  i n  increasing s t a l l  margin. 
flow ro ta t ing  s t a l l  begins a t  t h e  p i t ch l ine  f o r  t h i s  r o t o r ,  and casing bleed 
does not produce s ign i f i can t  improvements i n  s ta l l  margin, 

With undis tor ted i n l e t  

SUMMARY 

The objec t ive  of t h i s  program i s  t o  inves t iga te  the  po ten t i a l  of ou ter  casing 
blowing and bleeding as means of increasing t h e  weight flow range of a 1120 
f e e t  per  second t i p  speed r o t o r  which has an aspect r a t i o  of 4.5,  an i n l e t  
hub-tip radius  r a t i o  of 0 .5  and a design t i p  d i f fus ion  f a c t o r  of 0.45. 
repor t  documents the  performance of t h e  r o t o r  when equipped with a porous 
outer  casing above t h e  r o t o r  t i p  f o r  bleed a i r  ex t rac t ion .  

This  

Tests were conducted with undis tor ted i n l e t  flow and a l s o  with r a d i a l  and 
circumferent ia l  i n l e t  d i s to r t ions .  
determined both with and without bleed flow f o r  each i n l e t  condition. S t a l l  
margin with undis tor ted i n l e t  flow was not improved by t h e  use of casing 
bleed because t h e  r o t a t i n g  s ta l l  cells or iginated i n  t h e  region of t h e  par t -  
span shroud. 
or iginated a t  t h e  r o t o r  t i p  and ex t rac t ion  of casing bleed air  was general ly  
e f f ec t ive  i n  improving stall margin. 

Overall and s t a l l  performance were 

With d i s t o r t e d  i n l e t  flow, however, t he  ro t a t ing  s t a l l  cells  

In  general, t h e  improvement i n  s t a l l  
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margin r e s u l t i n g  from bleed ex t r ac t ion  a t  t he  casing was less than  t h a t  
obtained i n  previous blowing i n s e r t  configuration tests. 

The s ta l l  l i n e  f o r  c i rcumferent ia l  i n l e t  d i s t o r t i o n  obtained with zero 
bleed flow was similar t o  t h a t  previously obtained with zero blowing flow 
i n  the  blowing inser t  configuration tests, i n  t h a t  t h i s  s ta l l  l i n e  exceeded 
t h a t  obtained with undis tor ted  i n l e t  flow. Further circumferential d i s t o r t i o n  
t e s t i n g  is planned i n  order t o  explain t h i s  unusual r e s u l t .  

INTRODUCTION 

I t  i s  recognized t h a t  t h e  use of high-aspect-ratio blading i n  aircraft gas 
turb ine  compressors o f f e r s  t h e  po ten t i a l  of designing l i g h t e r ,  more compact 
u n i t s .  The performance of such s tages  has not always been s a t i s f a c t o r y ,  
however, i n  t h a t  they have genera l ly  been found t o  have less weight flow 
range than similar s tages  with lower aspec t - ra t io  blading ( r e f s .  1 and 2). 
Reduced weight flow range t y p i c a l l y  r e s u l t s  i n  reduced s t a l l  margin, 
e spec ia l ly  i n  cases where t h e  compressor must opera te  with i n l e t  flow 
d i s t o r t i o n s .  

The objec t ive  of t h i s  program i s  t o  inves t iga t e  ou te r  casing blowing and 
bleeding i n  order t o  determine t h e i r  effectiveness i n  increasing t h e  weight 
flow range of an i s o l a t e d  high-aspect-ratio r o t o r  under conditions of 
d i s t o r t e d  as well as undistorted i n l e t  flow. 
t h e  blowing and bleeding devices is  presented i n  re ference  3 .  

The design of t h e  r o t o r  and of 

The base l ine  performance of t h e  r o t o r  without casing boundary layer  cont ro l  
is  documented i n  re ference  4 .  Indications t h a t  s ta l ls  i n i t i a t e  a t  t h e  
p i t c h l i n e  near t h e  part-span shroud r a t h e r  than at t h e  t i p  f o r  undis tor ted  
i n l e t  flow conditions were obtained during t h e  base l ine  performance t e s t i n g ;  
t h e  s t a l l  point obtained at 100% speed i n  t h e  base l ine  tests was at  a flow 
of 172.2 lbs / sec  and a to t a l -p re s su re  r a t i o  of 1.48. Peak r o t o r  ad iaba t i c  
e f f i c i ency  a t  design speed was 0.900. 

The performance of t h e  r o t o r  equipped with an outer  casing blowing device 
i s  presented i n  reference 5. In  these  tests, r o t a t i n g  s t a l l  began a t  t h e  
p i t c h l i n e  with undis tor ted  i n l e t  flow and t h e  t i p  blowing d id  not produce 
s i g n i f i c a n t  improvements i n  s t a l l  margin. However, s t a l l  began a t  t h e  
r o t o r  t i p  with d i s t o r t e d  i n l e t  flow, and i n j e c t i o n  of a i r  at t h e  t i p  was 
e f f e c t i v e  i n  increasing s ta l l  margin. 

This repor t  p resents  t h e  performance of t h e  r o t o r  when t e s t e d  with a device 
f o r  bleeding boundary layer  a i r  from over t h e  r o t o r  t i p .  
formance was obtained, both with and without bleed flow, f o r  cases of 
undis tor ted  i n l e t  flow, t i p  r a d i a l  i n l e t  d i s t o r t i o n ,  and 90' one-per-rev 
circumferential  d i s t o r t i o n .  
with zero bleed flow and with t h a t  l eve l  of bleed flow which produced t h e  
highest  s t a l l  l i n e .  

S t a l l i n g  per- 

Overall performance i n  each case was obtained 
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SYMBOLS 

The following symbols are used in this report: 

A flow area, in 

A area represented by each discharge rake element. This is 

2 

j the area of an annulus bounded either by radii midway 
between those of two adjacent elements or by the hub or 

. casing, in2 

'h 

C 
P 

C 
P 

D 

P 
j 

P 

enthalpy-equivalent static-pressure-rise coefficient, 

2 
Y 

2gJc t [ [ 2) '-' -1 ] - (U - U:) P l  
Ch = 

n 

static-pressure-rise coefficient, 

specific heat at constant pressure, Btu/lb-'R 

diffusion factor, 

2 acceleration due to gravity, 32.174 ft/sec 

incidence angle, difference between air angle and camber 
line angle at leading edge in cascade projection, deg 

mechanical equivalent of heat, 778.161 ft-lb/Btu 

Mach number 

total or stagnation pressure, psia 

arithmetic average total pressure at j immersion, psia 

static or stream pressure, psia 
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K O  

rad ius ,  i n  

Mean rad ius ,  average of streamline leading-edge and 
t ra i l ing-edge  r a d i i ,  i n  

t o t a l  o r  s tagnat ion  temperature, O R  

ar i thmet ic  average t o t a l  temperature a t  j immersion, O R  

s t a t i c  o r  stream temperature, OR 

r o t o r  speed, f t lsec 

a i r  ve loc i ty ,  ft/sec 

average a x i a l  ve loc i ty  a t  j immersion, ft/sec 

weight flow, lb/sec 

displacement along compressor a x i s ,  i n  

a i r  angle, angle whose tangent is t h e  r a t i o  of t angen t i a l  
t o  a x i a l  ve loc i ty ,  deg 

r a t i o  of s p e c i f i c  hea ts  

t o t a l  pressure , p s i a  
standard pressure  14.696 p s i a  r a t i o :  

deviation angle, d i f fe rence  between a i r  angle and camber 
l i n e  angle a t  t r a i l i n g  edge i n  cascade pro jec t ion ,  deg 
meridional angle, angle between tangent t o  s t reaml ine  
projected on meridional plane and a x i a l  d i r ec t ion ,  deg 

t o t a l  temperature , O R  r a t i o :  standard temperature 518.688'R 

angular displacement about compressor ax i s ,  deg 

e f f i c i ency  

angle between cy l ind r i ca l  p ro jec t ion  of t h e  blade camber l i n e  
at  t h e  leading o r  t r a i l i n g  edge and t h e  a x i a l  d i r ec t ion ,  deg 

s t a t i c  o r  stream density,  lb-see / f t  2 4  

s o l i d i t y ,  r a t i o  of chord t o  spacing 

stream function; qh = 0,  JI, = 1 
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Subscripts: 

ad 

an 

avg 

C 

d 

h 

in 

j 

m 

P 

S 

U 

2 

e 

1 

2 

0.05, 0.65, 

total-pressure-loss coefficient 

adiabatic 

annulus value 

arithmetic average at any plane 

casing at any plane 

downstream 

hub at any plane 

inlet 

immersion number 

meridional direction 

polytropic 

suction surface 

ups t r eam 

with respect to axial displacement 

with respect to tangential displacement 

leading edge 

trailing edge 

0.90, 1.54, 1.90, 3.50 instrumentation plane designations 
(figs. 3 4 4)  

superscripts: 

* critical flow condition 

? relative to rotor 
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APPARATUS AND PROCEDURE 

Test Rotor Design 

A high a spec t - r a t io  t ransonic  r o t o r  was designed as an instrument f o r  
evaluating t h e  effects on performance and operating range of casing blow and 
bleed devices on s tages  of t h i s  type. 
r o t o r  design are contained i n  t h e  following l ist .  

The ove ra l l  c h a r a c t e r i s t i c s  of t h e  

1. Rotor t i p  speed, 1120 ft/sec. 
2 ,  I n l e t  hub-tip rad ius  r a t i o ,  0.50. 

3. Total-pressure r a t i o ,  1 .47 ,  r a d i a l l y  constant.  

4. Corrected weight flow pe r  u n i t  annulus area, 39.32 lb/sec-sq. f t .  

5. Rotor t i p  s o l i d i t y ,  1.0. 

6.  

7. Rotor t i p  d i f fus ion  f a c t o r ,  0.45. 

8.  Rotor blade aspect r a t i o ,  4.5. 

9. Rotor blade sec t ion ,  double-circular-arc on c y l i n d r i c a l  sec t ions .  

Rotor t i p  r e l a t i v e  Mach number,1.2. 

10. Rotor chord, 1.772 i n . ,  r a d i a l l y  constant.  

11. Rotor maximum thickness-chord r a t i o ,  0.085 a t  hub, 0.03 a t  t i p ,  

1 2 .  Number of r o t o r  blades, 60. 

13. Rotor t i p  diameter, 34 i n .  

14. Corrected weight flow, 187 lbs / sec .  

The r o t o r  t i p  d i f fus ion  f a c t o r  of 0.45 is  somewhat higher than is common 
p rac t i ce  f o r  s tages  with a rad ius  r a t i o  of 0.5.  The moderately l a rge  t i p  
loading was se l ec t ed  with t h e  expectation t h a t  t h e  boundary layer  cont ro l  
devices t o  be inves t iga ted  would permit operation a t  loading l e v e l s  t h a t  
exceed those given by conventional design c r i t e r i a .  The remaining items 
were se lec ted  as being typical of a compressor f ront  s tage ,  t h e  s t age  most 
l i k e l y  t o  requi re  a boundary layer  cont ro l  device. 
methods employed i n  t h e  design of t h i s  r o t o r  and t h e  r e s u l t i n g  design 
parameters a r e  presented i n  reference 3 .  

Ful l  d e t a i l s  of t h e  
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Bleed A i r  System 

The bleed a i r  system consis ted of steam e jec to r  equipment, which reduced t h e  
a i r  pressure i n  a plenum chamber of  t h e  t i p  of t h e  r o t o r ,  and a perforated 
i n s e r t  i n  t h e  compressor casing t o  d i r e c t  casing boundary layer  a i r  out of 
t he  main stream by way of t h e  plenum chamber and e j e c t o r  system. 
diagram of the  bleed a i r  system is  shown i n  f i g u r e  1. 
control led by ad jus t ing  plenum chamber pressure with a valve i n  t h e  d i s -  
charge l i n e ,  and the  flow rate of t h i s  bleed a i r  was measured by an o r i f i c e  
i n  t h e  discharge l ine .  

A schematic 
Bleed a i r  flow was 

The bleed inser t  used i n  these  tests was made of hexagonal honeycomb material. 
As shown i n  f igu re  18 of reference 3,  the  forward por t ion  was f i l l e d  with a 
removable material f o r  t h i s  t e s t .  
j u s t  a f t  of t he  r o t o r ' s  leading edge t o  j u s t  a f t  o f  t h e  t r a i l i n g  edge. 
Figure 2 i s  aphoto of t h i s  i n s e r t  configurat ion.  The center  l i n e s  of t h e  
honeycomb c e l l s  were t i l t e d  70' from rad ia l  i n  t h e  tangent ia l  d i r ec t ion  i n  
order t o  b e t t e r  recover t h e  energy of the  tangent ia l  component of t h e  flow a t  
the  t i p  of t he  r o t o r .  
4% of t he  compressor design weight flow could be extracted.  
discussion of t he  design of t h i s  bleed i n s e r t  is  found i n  reference 3 .  

The open honeycomb material extended from 

The ava i lab le  bleed flow area  was s ized  so t h a t  up t o  
Additional 

Test F a c i l i t y  

Performance t e s t s  of t h i s  r o t o r  were made i n  General E l e c t r i c ' s  House 
Compressor Test F a c i l i t y  a t  Lynn, Massachusetts. 
test  set-up are shown i n  f i g u r e  4 of reference 4 .  
from the  atmosphere through two banks of f i l t e r s .  
intended t o  remove 22% of t h e  p a r t i c l e s  la rger  than 3-5 microns (dust spot 
t e s t ) .  The second and f i n a l  f i l t e r  bank is  intended t o  remove 90-95% of the  
remaining p a r t i c l e s  down t o  the  same s i ze .  
coarse wire i n l e t  screen and i n t o  the  bellmouth. Downstream of the  tes t  
r o t o r ,  o u t l e t  guide vanes are used t o  remove most of t h e  swirl. In  the  e x i t  
assembly the  a i r  is  s p l i t  i n t o  two streams. The inner  a i r  stream is  passed 
i n t o  an e x i t  pipe containing a flow s t ra ightener  and a ventur i  flow meter 
and then is  exhausted t o  atmosphere. The outer  a i r  stream passes through a 
s l i d e  cy l indr ica l  t h r o t t l e  valve and i n t o  a co l l ec to r .  
which contains a flow s t r a igh tene r  and a ventur i  flow meter, then discharge 
the  outer  stream t o  atmosphere. 

The general  aspects  of t h e  
The test r o t o r  draws a i r  
The f i rs t  f i l t e r  bank is  

The a i r  then passes through a 

Two pipes ,  each of 

Power t o  dr ive  t h e  test  r o t o r  i s  provided by a high-pressure non-condensing 
steam turbine r a t ed  a t  15,000 horsepower. 

10 



Instrument a t  ion  

Schematic views of t h e  instrumentation provided f o r  t h e  t e s t i n g  are shown i n  
f igu res  3 and 4, and photos of t h e  rakes themselves are shown i n  f i g u r e  5. 
I n l e t  t o t a l  temperature was measured by 24 thermocouples d i s t r i b u t e d  on t h e  
i n l e t  screen. During t h i s  e n t i r e  test, including t h e  undis tor ted  i n l e t  
phase, four  5-element i n l e t  d i s t o r t i o n  to t a l -p re s su re  rakes, f i g u r e  5(e) ,  
located a t  plane 0.65 were used t o  measure t h e  i n l e t  t o t a l  pressure.  Six 
i n l e t  P i t o t - s t a t i c  rakes,  f i g u r e  S(a),  a t  plane 0.05 ahead of t h e  d i s t o r t i o n  
screen were r e t a ined  i n  t h e  vehic le ;  individual elements on these  rakes were 
manifolded toge ther  f o r  t h i s  test, and t h e  r e s u l t i n g  upstream pressure  used 
only as a check value. 
15-element boundary l aye r  rake, f i g u r e  5(b) ,  immersed from t h e  ou te r  casing 
at plane 0.65. 

Additional i n l e t  instrumentation consisted of  a 

Hot wire anemometer da t a  were taken with t h r e e  sh ie lded  probes, f i g u r e  5 ( f ) ,  
located behind the  r o t o r  a t  plane 1.54. 
on high-speed paper tape  from which t h e  number, r o t a t i v e  speed, and r a d i a l  
extent of t h e  r o t a t i n g  s ta l l  cells could be determined. 

These were used t o  obtain t r a c e s  

Outlet  t o t a l  pressures and temperatures were measured a t  plane 1 .9  by 4 f ixed  
rakes of each type, f i gu res  5(c) and 5(d).  
each rake corresponded t o  t h e  design streamlines a t  t h e  lo%, 30%, 50%, 70% 
and 90% annulus height pos i t i ons  as measured from t h e  t i p  a t  plane 1.54. 
These discharge rakes a t  plane 1 .9  were ahead of t h e  o u t l e t  guide vanes, and 
thus had t o  measure swir l ing  flow. These rakes were therefore  r o t a t e d  37.5' 
from t h e  axial d i r e c t i o n  t o  match t h e  p i t c h l i n e  s w i r l  angle of t h e  flow a t  
t h e  design condition. 

Immersions of t h e  5 elements on 

Numerous s t a t i c  pressure taps  were 1ocated.on t h e  hub and casing through t h e  
flowpath. A t  measuring planes where t h e  fixed rakes were located, s ta t ic  
pressures a t  t h e  hub and casing were measured a t  more than one circumferen- 
t i a l  pos i t ion .  Additional hub and casing s ta t ic  pressure  t aps  were added 
f o r  t h i s  test;  t he  loca t ion  of these  added taps  i s  given i n  f igu re  4. 

D i s to r t ion  Screens 

Two i n l e t  a i r f low d i s t o r t i o n  pa t t e rns  were t e s t ed  with t h i s  i n s e r t  configura- 
t i on .  
approximately 26% of a r o t o r  diameter ahead of t h e  r o t o r ' s  leading edge. The 
circumferential  screen covered a 90' a r c  of t h e  i n l e t  annulus from hub t o  t i p ,  
while t h e  r a d i a l  d i s t o r t i o n  screen covered t h e  outer  40% of t h e  i n l e t  annulus 
area. Figure 6 shows t h e  general layout of t he  screens.  
t o  produce pa t t e rns  a t  plane 0.65, t h e  r o t o r  i n l e t  instrumentation s t a t i o n ,  
which had a value of (Pmax - Pmin)/Pmax = 0.20 a t  t h e  design flow of 187 lbs/  
sec; accordingly both were made of 20 mesh, 0.016 inch wire diameter screen 
mater ia l  which had approximately 54% blocked area. 
were mounted on a support screen which covered t h e  e n t i r e  annulus and which 
was made of 0.092 inch diameter wire a t  3/4 inch spacing. 

These were produced by mounting d i s t o r t i o n  screens a t  plane 0.10 located 

Both were designed 

The d i s t o r t i o n  screens 
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Test Procedure 

Testing with t h i s  bleed i n s e r t  configuration was conducted with undis tor ted  
i n l e t ,  t i p  r a d i a l  i n l e t  d i s t o r t i o n ,  and with a one-per-rev circumferential  
i n l e t  d i s t o r t i o n .  For each i n l e t  condition, ove ra l l  performance and s ta l l  
performance were measured both with and without bleed flow. 
of each run was devoted t o  determining t h e  s t a l l  l i n e  a t  t h r e e  d i f f e r e n t  
bleed flow r a t e s  and a l s o  a base s t a l l  l i n e  with zero bleed flow. Corrected 
speeds of 70%, 90% and 100% were inves t iga ted .  
compressor performance a t  each of t hese  t h r e e  speeds was mapped f o r  zero 
bleed flow and a l s o  f o r  t h a t  bleed flow r a t e  which produced t h e  bes t  s ta l l  
margin. To complete each test ,  ove ra l l  performance was recorded while i n  
s ta l l  and a t  the  poin t  where t h e  s ta l ls  cleared; t hese  r o t a t i n g - s t a l l  and 
stall-removal po in ts  were obtained a t  each speed with both zero and optimum 
bleed flow r a t e s .  

The f i r s t  p a r t  

Following t h i s ,  t h e  

S t a l l  Testing 
t e s t i n g  t o  determine t h e  s t a l l  l i n e  without bleed flow and with t h r e e  
d i f f e ren t  bleed flow rates,  
t h e  desired plenum chamber pressure  a t  a poin t  well removed from s ta l l  and 
then slowly closing t h e  t h r o t t l e  valve u n t i l  s t r a i n  gage and hot wire 
anemometer s igna l s  ind ica ted  t h e  formation of r o t a t i n g  s ta l l  cells or  u n t i l  
l imi t ing  v ibra tory  stresses were encountered. In  severa l  instances,  a t  70% 
and 100% speeds with r a d i a l  d i s t o r t i o n  and high bleed flows, t h r o t t l i n g  was 
terminated by s t r a i n  gage ind ica t ions  of i nc ip i en t  blade aero-mechanical 
i n s t a b i l i t y  r a t h e r  than theoccurrence of r o t a t i n g  s ta l l .  
t hese  preliminary s ta l l s ,  t h e  t h r o t t l e  valve was set t o  a pos i t i on  as c lose  
as poss ib le  t o  s ta l l ,  and an ove ra l l  performance da ta  reading was taken i n  
order t o  b e t t e r  def ine  the  exact conditions a t  t h e  s t a l l  l i n e .  For  each 
of these  preliminary stalls  t h r e e  shielded hot wire anemometers were immersed 
t o  t h e  lo%,  50% and 90% of annulus height pos i t i ons  as measured from t h e  
casing and t r a c e s  of t he  r o t a t i n g  s t a l l  c e l l s  were obtained on high-speed 
paper tape.  
s t a l l  cells .  

The first p a r t  of each test sequence was preliminary s t a l l  

These s ta l l  po in t s  were es tab l i shed  by s e t t i n g  

After each of 

Examination of these  t r a c e s  ind ica ted  t h e  r a d i a l  extent of t h e  

A t  t h e  end of each tes t ,  t h e  vehic le  was s t a l l e d  again a t  each speed with 
zero and optimum bleed flow rates. 
wires were set a t  t h e  immersion where t h e  s ta l l  c e l l s  were s t ronges t  i n  
the  first s t a l l .  
speed of t h e  r o t a t i n g  s t a l l  c e l l s  could be obtained by t h e  methods explained 
i n  reference 4 .  While t h r o t t l i n g  i n t o  and out of t h i s  second s ta l l ,  an 
ICPAC* t r a c e  was obtained. 
s t a l l  ove ra l l  performance reading taken. 
was maintained and t h e  discharge t h r o t t l e  valve slowly opened u n t i l  t h e  s t a l l  

During t h i s  f i n a l  s t a l l ,  a l l  t h ree  hot 

From t h e  r e s u l t i n g  tapes ,  information on t h e  number and 

Conditions were s t a b i l i z e d  i n  s ta l l  and a ro t a t ing -  
When t h i s  was completed, t h e  speed 

*Instantaneous Compressor Performance Analysis Computer. This is  an analogue 
c i r c u i t  which senses weight flow and pressure  r a t i o ,  and which p l o t s  t hese  
q u a n t i t i e s  nearly instantaneously t o  provide an approximate on-line compressor 
performance map. 
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cleared; a t  t h i s  condition a stall-removal ove ra l l  performance reading was 
taken. 

The discharge t h r o t t l e  valve was geared f o r  a fast opening-closing rate f o r  
t h e  first s ta l l  t e s t i n g  and was closed i n  a stepwise fash ion  by t h e  operator.  
During t h e  second stalls t h e  discharge valve was geared t o  move very slowly 
and was actuated by t h e  opera tor  a t  a constant rate i n  order t h a t  t h e  s ta l l  
l i n e  would always be obtained i n  a f u l l y  cons is ten t  manner. 

Testing i n  t h e  Unstalled Region The t h r o t t l e  s e t t i n g s  at which da ta  were 
taken i n  t h e  stall-free region of operation were se l ec t ed  t o  g ive  an approx- 
imately even spacing of t h e  po in t s  on the  compressor performance map speed 
l i nes .  
paper tape  f o r  computerized da ta  reduction. 

Temperatures and pressures were recorded i n  d i g i t a l  form on punched 

When taking ove ra l l  performance da ta  with t h e  optimum bleed flow rate,  it 
was necessary t o  dup l i ca t e  t h e  optimum bleed flow conditions which had 
been set during preliminary s t a l l  t e s t i n g .  
speed, t h r o t t l e  pos i t i on ,  and bleed plenum pressure  t o  t h e  same values 
which had ex is ted  during t h e  ove ra l l  performance da ta  poin t  recorded i n  
conjunction with t h e  preliminary s t a l l  a t  optimum bleed flow. Additional 
ove ra l l  performance poin ts  were then taken between t h i s  match condition and 
maximum flow without making f u r t h e r  adjustments t o  t h e  bleed a i r  flow system. 
This procedure was followed f o r  each of 70%, 90% and 100% speeds. 

This was done by r e - s e t t i n g  t h e  

For ove ra l l  performance d a t a  po in t s  t h e  i n l e t  t o t a l  p ressure  was determined 
by taking t h e  a r i thmet ic  average of a l l  elements on t h e  i n l e t  t o t a l -p re s su re  
rakes. 
obtained by t h e  mass-weighting procedure explained i n  re ference  4 .  Although 
the  above methods of obtaining i n l e t  and discharge conditions cannot r e a l l y  
be j u s t i f i e d  f o r  t h e  case of a circumferential  i n l e t  d i s t o r t i o n ,  t hese  
methods were judged t o  be as good as any o ther  t h a t  could be e a s i l y  applied 
with t h e  ava i l ab le  da ta .  
i n l e t  conditions.  The weight flow reported here in  was taken t o  be t h e  r o t o r  
i n l e t  value; t h i s  was obtained by adding the  bleed a i r  flow (as measured by 
an o r i f i c e  i n  t h e  bleed a i r  discharge system) t o  t h e  weight flow measured by 
t h e  discharge ven tu r i  meters. Both i n l e t  weight flow and bleed a i r  flow 
rates were corrected by t h e  same 6 / 6  term, as obtained from average r o t o r  
i n l e t  conditions.  
weighted discharge to t a l -p re s su re  and total-temperature r a t i o s  using t h e  
r e a l  gas p rope r t i e s  of dry a i r .  
f o r  work done by t h e  r o t o r  on t h e  ex t rac ted  bleed a i r .  

The discharge to t a l -p re s su re  and total-temperature r a t i o s  were 

Therefore these  techniques were re ta ined  f o r  a l l  

Rotor ad iaba t i c  e f f i c i ency  was ca lcu la ted  from t h e  mass- 

No attempt was made t o  ad jus t  t h e  e f f i c i ency  
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RESULTS AND DISCUSSION 

The r e s u l t s  reported here in  were obtained with bleed inser t  configurat ion 
no, 3 i n  order  t o  evaluate  t h e  effects of ou te r  casing bleed over t h e  t i p  
of a t ransonic  r o t o r .  This  bleed configurat ion was t e s t e d  with undis tor ted 
i n l e t  flow and a l s o  with r a d i a l  and circumferent ia l  i n l e t  flow d i s to r t ions .  
The overa l l  and s t a l l  performance of each i n l e t  flow condi t ion i s  presented 
and discussed separa te ly  i n  the  following sec t ions  f o r  t h e  cases of zero 
and optimum bleed flow rate. 

Undistorted I n l e t  Testing 

Determination of S t a l l  L i m i t s  Table 1 (a) is a l i s t i n g  of conditions a t  
t h e  limit of s t a l l - f r e e  operat ion f o r  each s t a l l  point  invest igated during 
undis tor ted i n l e t  t e s t i n g .  The s t a l l  po in ts  numbered 1-12  i n  t h e  t a b l e  
invest igated t h e  e f f ec t  of varying t h e  bleed flow rate on t h e  compressor's 
range of uns ta l led  operat ion.  From ICPAC t r a c e s  obtained during these  f i r s t  
1 2  s ta l ls ,  it was determined t h a t  t h e  e f f ec t  of bleed flow r a t e  was very 
s l i g h t .  Overal l ,  t he  optimum bleed flow r a t e  was determined t o  be approxi- 
mately 7 lbs/sec,  t he  maximum rate  the  system could e x t r a c t ,  but ex t rac t ion  
of t h i s  optimum bleed flow r a t e  resu l ted  i n  somewhat l e s s  weight flow range 
than was obtained with zero bleed flow. 

The compressor performance map f o r  undis tor ted i n l e t  t e s t i n g  is  shown i n  
f igu re  7. Three ro t a t ing  s t a l l  l i n e s  a r e  shown on t h i s  map: bleed i n s e r t  
configuration with zero bleed flow, bleed i n s e r t  configurat ion with optimum 
(maximum) bleed flow, and p l a i n  casing i n s e r t  configurat ion with undis tor ted 
i n l e t  flow as reported i n  reference 4 .  The s ta l l  l i n e s  f o r  zero and optimum 
bleed flows shown on t h e  map were based on the  r o t a t i n g - s t a l l  t e s t i n g  
conducted a t  t he  end of t he  undis tor ted i n l e t  test run; t h e  p a r t i c u l a r  s t a l l  
po in ts  used a r e  indicated i n  Table 1 (a ) .  The s t a l l i n g  weight flow was 
determined by recording t h e  approximate flow given by t h e  ICPAC system a t  
t h e  in s t an t  ind ica t ions  of ro t a t ing  s ta l l  were first observed on s t r a i n  
gages or  hot wire anemometers. This  approximate value of flow was la ter  
corrected by comparing ICPAC flow values with t h e  ac tua l  weight flows 
obtained from overa l l  performance da ta  points .  
was obtained by extrapolat ing the  speed l i n e  on the  compressor performance 
map using t h e  ICPAC t r a c e  as a guide. 

The s t a l l i n g  to ta l -pressure  r a t i o  
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Hot wire anemometer traces obtained a t  t h e  lo%, 50% and 90% immersions 
during t h e  first group of s t a l l s  a t  various bleed flow rates indica ted  t h a t  
both with and without bleed flow t h e  s ta l ls  a t  each speed were most severe 
a t  t h e  50% immersion. In severa l  instances,  i n t e rmi t t en t  s ta l l  was observed 
a t  t h e  p i t c h l i n e  only; hot wire anemometer t r a c e s  showing t h i s  s ta l l  mode 
are shown i n  f i g u r e  13(a).  
t h e  50% immersion confirmed t h e  b e l i e f  t h a t  s t a l l  d id  indeed o r i g i n a t e  a t  
t h e  p i t c h l i n e  i n  undis tor ted  i n l e t  tests. 

These in t e rmi t t en t  s ta l l  hot  wire t r a c e s  a t  

As seen i n  f i g u r e  7 ,  t h e  s t a l l  l i n e  with t h e  optimum bleed flow rate of 
about 7 lbs / sec  l ies  below t h a t  f o r  zero bleed flow, reducing t h e  uns t a l l ed  
weight flow range by about 4 lbs / sec  a t  design speed. I t  would appear t h a t  
t h e  predominant effect of bleeding a i r  from t h e  r o t o r  t i p  is t o  reduce t h e  
r o t o r  discharge a x i a l  ve loc i ty  and thus  increase  t h e  aerodynamic loading i n  
t h e  p i t c h l i n e  region where r o t a t i n g  s t a l l  first begins. I t  is poss ib l e  t h a t  
t h e  bleed may have strengthened the  t i p  flow somewhat, making it poss ib le  
f o r  t h e  t i p  t o  run uns t a l l ed  while i n t e rmi t t en t  s ta l ls  were present at  t h e  
p i t c h l i n e  as was observed on t h e  hot wire anemometer t r aces .  

The s ta l l  l i n e  obtained with t h e  bleed i n s e r t  configuration with zero bleed 
flow was s l i g h t l y  b e t t e r  than t h a t  of t h e  p l a i n  casing i n s e r t  configuration: 
uns ta l led  weight flow range was about 2 .5  lbs / sec  g r e a t e r  a t  design speed. 
This small improvement cannot be considered s i g n i f i c a n t  s ince  it is about 
equal t o  t h e  r e p e a t a b i l i t y  of t h e  s t a l l i n g  flow values a t  any speed. 
Clearly,  however, t h i s  bleed insert configuration d id  not improve s ta l l  
margin by i tself  as d id  t h e  blowing i n s e r t .  
speculated t h a t  t h e  blowing i n s e r t  may have produced a favorable r ec i r cu la -  
t i o n  of a i r  a t  t he  t i p  with zero blowing flow o r  perhaps damped out circum- 
f e r e n t i a l  p ressure  va r i a t ions  associated' with r o t a t i n g  s t a l l  cells .  
would appear t h a t  i f  e i t h e r  mechanism was involved, they were i n e f f e c t i v e  
i n  t h e  case of t h e  bleed i n s e r t .  
pressure p lus  upstream and downstream casing s ta t ic  pressures  versus r o t o r  
i n l e t  weight flow. 
s t a t i o n s ,  respec t ive ly ;  s ta t ic  pressures a t  these  loca t ions  given i n  
f i g u r e  8 were thus  measured near e i ther  end of t h e  porous i n s e r t  material. 
The pressure i n  t h e  plenum chamber near ly  equaled t h e  discharge casing 
s ta t ic  pressure and followed t h e  same t rend ,  probably because t h e  porous 
i n s e r t  extends af t  pas t  t h e  r o t o r ' s  t r a i l i n g  edge. The pressures p lo t t ed  
i n  f igu re  8 show t h a t  a r e c i r c u l a t i o n  of a i r  i n  and out of t h e  i n s e r t  was 
poss ib le .  
t h e  r o t o r ' s  leading edge, and thus the  pressure  d i f f e rence  a v a i l a b l e  t o  
sus t a in  a r e c i r c u l a t i o n  was less than shown i n  t h e  f igure .  
amount of r e c i r c u l a t i o n  ap t  t o  be small, but a l s o  any a i r  r ec i r cu la t ed  back 
i n t o  t h e  mainstream would have no a x i a l  component of ve loc i ty  and thus  should 
have had l i t t l e  or no a b i l i t y  t o  improve t h e  main flow at  t h e  t i p .  

In  re ference  5 it was 

I t  

Figure 8 is  a p l o t  of plenum chamber 

Planes 1.0 and 1.50 are r o t o r  leading and t r a i l i n g  edge 

However, it should be pointed out t h a t  t h e  i n s e r t  s t a r t e d  aft  of 

Not only was t h e  
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Performance i n  S t a l l  The ove ra l l  performance d a t a  po in t s  recorded while 
t h e  r o t o r  was operating with r o t a t i n g  s t a l l  present appear as s o l i d  symbols 
i n  f igu re  7. 
t h e  accuracy of t hese  readings i s  open t o  question. They do, however, show 
t h e  magnitude and t h e  abruptness of t h e  performance l o s s  due t o  s t a l l .  
A f t e r  each r o t a t i n g - s t a l l  ove ra l l  performance reading was taken, t h e  d i s -  
charge t h r o t t l e  valve was slowly opened u n t i l  t h e  s ta l l  c leared .  A t  t h i s  
s e t t i n g  a stall-removal ove ra l l  performance reading was taken; t hese  po in t s  
appear as a half-shaded symbols i n  f i g u r e  7. 
hys t e re s i s  i n  t h i s  process: t h e  s t a l l  does not c l e a r  u n t i l  t h e  flow increases  
above t h a t  a t  which s t a l l  first appeared. 
a t  t h e  higher speeds than a t  t h e  lower. 
t h e  amount of hys t e re s i s .  

While recording performance d a t a  with s ta l l s  present ,  t h r e e  shielded hot 
wire anemometers were immersed t o  t h e  50% pos i t i on  and traces of t h e  s ta l l  
c e l l  pa t t e rns  were obtained. From these  t h e  number and r o t a t i v e  speed of 
t h e  r o t a t i n g  s t a l l  c e l l s  could be determined; t hese  da t a  are tabula ted  i n  
Table 2(a) .  

Since conditions are q u i t e  unsteady when operating i n  s ta l l ,  

I n  general  t h e r e  is some 

There was more of t h i s  hys t e re s i s  
Bleeding a t  t h e  t i p  d id  not reduce 

Unstalled Overall Performance 
d a t a  poin ts  recorded during undis tor ted  i n l e t  t e s t i n g  i s  contained i n  
Table 3 (a ) .  The compressor performance map, f igu re  7,  p resents  t h e  
performance f o r  both zero and optimum bleed flow rates. 
was determined t o  be t h e  maximum rate  the  system could ex t r ac t ,  about 7 l b s /  
sec;  symbols on t h e  map having an "X" through them ind ica t e  da t a  po in t s  
recorded w i t h  t h i s  optimum bleed rate. 

A t abula t ion  of a l l  ove ra l l  performance 

Optimum bleed flow 

The flow s c a l e  on t h e  performance map is  r o t o r  i n l e t  flow and thus includes 
t h e  amount of bleed a i r  ex t rac ted .  P lo t ted  i n  t h i s  manner, t h e  map shows 
t h a t  ex t r ac t ion  of bleed a i r  has v i r t u a l l y  no e f f e c t  on t h e  pressure  versus 
flow re l a t ionsh ip  a t  each speed except at the  s t a l l  l i m i t ;  t h i s  r e l a t ionsh ip  
both with and without bleed flow is  e s s e n t i a l l y  t h e  same as recorded i n  
previous p l a i n  casing i n s e r t  t e s t i n g  (reference 4 ) .  

Adiabatic e f f i c i e n c i e s  both with and without bleed flow are shown i n  
f i g u r e  7 .  
t age  poin ts  below t h e  p l a i n  casing i n s e r t  r e s u l t s  (heavy dashed l i n e s ) ,  while 
those with optimum bleed flow are e s s e n t i a l l y  t h e  same as t h e  p l a i n  casing 
i n s e r t  r e s u l t s .  The reduced e f f i c i ency  of t h e  zero bleed flow da ta  po in t s  
i s  not e a s i l y  explained, i n  t h a t  t h e  blades had been cleaned j u s t  p r i o r  t o  
t h e  s tar t  of t e s t i n g  and d id  not appear t o  be d i r t y  a t  t h e  end of t h e  tes t .  
I t  i s  poss ib le  t h a t  t he  b lade  q u a l i t y  had de te r io ra t ed  gradually during t h e  
considerable amount of running done s ince  t h e  p l a i n  casing i n s e r t  tests, o r  
t h a t  t h e  honeycomb bleed i n s e r t  was producing ex t r a  lo s ses  a t  t h e  t i p .  I t  
was not poss ib le  t o  determine which, i f  e i t h e r ,  of t hese  p o s s i b i l i t i e s  was 
responsible f o r  t h e  reduced efficiency. 
rose  t o  t h e i r  previous values when bleed a i r  was ex t rac ted  is  a t t r i b u t e d  t o  
t h e  f a c t  t h a t  t h i s  a i r  ca r r i ed  of f  t h e  i n l e t  casing boundary layer  and a l s o  
ca r r i ed  o f f  p a r t  of t h e  main flow which had passed through t h e  r o t o r  shock 
wave system. 

The da ta  poin ts  with zero bleed flow genera l ly  l i e  2-2.5 percen- 

The f a c t  t h a t  t h e  e f f i c i e n c i e s  
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Radial D i s to r t ion  Testing 

The screen used t o  produce t h e  t i p  r a d i a l  i n l e t  d i s t o r t i o n  p a t t e r n  is shown 
i n  f i g u r e  6 (a ) .  
area a t  plane 0.10. Two of t h e  f i v e  elements on each of t h e  i n l e t  d i s t o r t i o n  
t o t a l  pressure rakes,  located a t  plane 0.65, were thus  located i n  t h e  region 
of d i s t o r t e d  i n l e t  flow. 

This  screen covered t h e  ou te r  40% of  t h e  i n l e t  annulus 

Determination of S t a l l  L i m i t s  Table l ( b )  i s  a l i s t i n g  of conditions a t  
each r o t a t i n g  s ta l l  or  blade i n s t a b i l i t y  l i m i t  encountered during r a d i a l  
d i s t o r t i o n  t e s t i n g .  The first 1 2  po in t s  given i n  t h e  t a b l e  inves t iga ted  
t h e  effect of various bleed flow rates on useable weight flow range. 
Inc ip ien t  blade aeromechanical i n s t a b i l i t y  r a t h e r  than  appearance of r o t a t i n g  
s t a l l  l imi ted  operation a t  70% and 100% speeds with t h e  maximum bleed flow 
rate of about 7.5 lbs/sec.  Although a bleed flow rate of  about 6.3 lbs / sec  
produced s l i g h t l y  more weight flow range a t  70% and 100% speeds, t h e  e f f e c t  
of bleed flow rate  was too small t o  be conclusive, and t h e  maximum bleed 
flow rate r e s u l t s  were se l ec t ed  as representing t h e  optimum bleed flow. 
The compressor performance map f o r  r a d i a l  i n l e t  d i s t o r t i o n ,  f i gu re  9 ,  
shows r o t a t i n g  s t a l l  l i n e s  f o r  zero bleed flow, undis tor ted  i n l e t  with 
zero bleed from f i g u r e  7 ,  and s t a l l  or i n s t a b i l i t y  l i m i t s  f o r  t h e  case of 
maximum bleed flow, The p a r t i c u l a r  po in t s  used t o  determine t h e  s t a l l  l i n e s  
on t h e  performance map are indica ted  i n  Table l ( b ) .  

Hot wire anemometer traces were obtained a t  t h e  lo%, 50% and 90% immersions 
during the  i n i t i a l  s talls ,  samples of which are shown i n  f i g u r e  13(b).  
These t r a c e s  indicated t h a t  t h e  ro t a t ing  s t a l l  c e l l s  extended over t h e  ou te r  
span of t h e  blades and were most severe a t  t h e  t i p  i n  a l l  ins tances .  
same type of s t a l l  t r a c e s  was observed i n  blow i n s e r t  tests with r a d i a l  
d i s t o r t i o n  (reference 5 ) .  
t h e  t i p  i n  t h e  present test ,  as it had i n  t h e  earlier r a d i a l  d i s t o r t i o n  tes t  
with t h e  blowing i n s e r t .  As i n  t h i s  earlier t e s t ,  t h e  stalls  would not 
c l e a r  a t  t h e  t i p  when t h e  discharge t h r o t t l e  valve was opened; it was 
necessary t o  drop speed i n  order t o  clear t h e  s ta l l s  even f o r  those  cases 
when bleed a i r  was being ex t rac ted .  The i n a b i l i t y  t o  clear t h e  s ta l ls  was 
caused by t h e  pressure  drop across t h e  d i s t o r t i o n  screen and t h e  r e s u l t i n g  
reduction i n  discharge pressure.  
operating l i n e  t o  a l eve l  where t h e  r o t o r  could not be un th ro t t l ed  enough t o  
c l e a r  t h e  s ta l l s .  

The 

Thus it appears t h a t  r o t a t i n g  s t a l l  begins a t  

These f a c t o r s  r a i s e d  t h e  open- thro t t le  

With zero bleed flow t h e  s ta l l  l i n e  was near ly  iden t i ca l  t o  t h a t  recorded 
i n  t h e  earlier blow i n s e r t t e s t s ,  but t h e  improvement r e s u l t i n g  from bleed 
air  ex t r ac t ion  was not as g rea t  as t h a t  due t o  blowing. A t  90% speed, i n  
f a c t ,  t h e r e  was v i r t u a l l y  no improvement due t o  bleed. The r o t o r  was a l s o  
s t a l l e d  twice a t  t h i s  speed with t h e  o u t l e t  de-swirl vanes closed 1S0,  once 
with zero bleed and once with maximum bleed flow, bu t  no s u b s t a n t i a l  change 
i n  t h e  s ta l l  l i n e  was noted. 
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Performance in Stall Only a single rotating-stall overall performance 
data point could be recorded during radial inlet distortion testing; this 
was for 70% speed with zero bleed flow. 
symbol on the performance map, figure 9. 
could be recorded at the above conditions because the rotating stall cells 
could not be cleared until speed was reduced. 
stall data point the three shielded hot wire anemometers were immersed to 
10% of the annulus height from the tip, the position where the rotating 
stall cells had been most severe in earlier stall testing, and traces of 
the stall cell patterns were obtained. From these traces the number and 
rotative speed of the stall cells were determined; these data are tabulated 
in Table 2(b). 

This point appears as a solid 
No stall-removal data point 

While recording the rotating- 

The test had to be terminated without obtaining any further rotating-stall 
performance data because the rotor began encountering rotating stalls at 
approximately 80% speed during accelerations with the discharge throttle 
valve wide open. 
position would enable the vehicle to accelerate past 80% speed without 
stalling. Inspection of the vehicle showed no sign of dirt on the rotor 
blades, and neither the inlet nor exit ducts were blocked. Furthermore, 
ICPAC system traces showed that the wide-open throttle operating line had 
not changed, indicating that an actual, but unexplained, deterioration of 
the rotor's stall performance had occurred. 

No combination of bleed flow rate or outlet de-swirl vane 

Unstalled Overall Performance 
data points recorded during radial inlet distortion testing is given in 

A tabulation of all overall performance 

Table 3(b). The compressor performance map, figure 9, is based on overall 
performance data points with zero and maximum, or optimum, bleed flow rates. 
The symbols on the map having an "X" through them represent data points with 
optimum bleed flow. 

Figure 10 presents plots of inlet and discharge total pressures and discharge 
total temperature for Reading 49, a data point near stall at 100% speed 
with zero bleed flow. At this condition, the radial inlet distortion 
screen created a pattern at the inlet measuring station, plane 0.65, which 
had a value of the distortion parameteremax - Pmin)/Pmax equal to about 
0.18, 
were used to determine the above value. 

The average total pressures in the distorted and undistorted regions 

At 70% and 90% speeds the total-pressure ratio for a given weight flow was 
greater with radial distortion that with undistorted inlet flow as shown in 
figure 9. This same result was observed in radial distortion testing with 
the blowing insert. 
phenomenon was due to instrumentation inaccuracy or to inadequate data 
analysis methods. 
that it is a characteristic of the rotor itself. 

It could not be determined at that time if this 

Reappearance of this trend in the present test indicates 
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Circumferential D i s to r t ion  Tes t ing  

The screen used t o  produce t h e  circumferential  i n l e t  d i s t o r t i o n  p a t t e r n  i s  
shown i n  f i g u r e  6(b) .  
a t  plane 0.10, and was placed so t h a t  i t s  center  was at  bottom center .  
of t h e  fou r  i n l e t  d i s t o r t i o n  t o t a l  p ressure  r akes , tha t  a t  196' from top 
center ,  was thus  located i n  t h e  region of d i s t o r t e d  i n l e t  flow. 

This screen covered a 90' arc of the i n l e t  annulus 
One 

Determination of S t a l l  L i m i t s  
t h e  l i m i t  of s t a l l  free operation f o r  each s t a l l  po in t  obtained during 
Circumferential '  i n l e t  d i s t o r t i o n  t e s t i n g .  
t a b l e  inves t iga ted  t h e  effect of various bleed flow rates on uns t a l l ed  
weight flow range. Although t h e  e f fec t  of bleed rate was very s l i g h t ,  a 
medium rate of approximately 6.5 lbs / sec  proved t o  be b e s t  a t  most speeds 
and was the re fo re  se l ec t ed  as t h e  optimum bleed flow. 
d i s t o r t i o n  compressor performance map, f i g u r e  11, shows the  s ta l l  l i n e s  
obtained with zero and optimum bleed flow rates. 
i s  t h e  s t a l l  l i n e  f o r  undis tor ted  i n l e t  and zero bleed flow as reported i n  
f igu re  7 .  
based on t h e  r o t a t i n g  s t a l l  t e s t i n g  during which t h e  slow discharge 
t h r o t t l e  valve d r ive  was used; these  p a r t i c u l a r  s t a l l  po in ts  are numbered 
13-18 i n  Table l ( c ) .  

Table l ( c )  i s  a l i s t i n g  of conditions a t  

The first 12  po in t s  given i n  t h e  

The circumferential  

Also shown i n  f i g u r e  11 

The circumferential  d i s t o r t i o n  s t a l l  l i n e s  on the  map were 

The s t a l l i n g  performance of t h e  r o t o r  subjected t o  t h i s  circumferential  
i n l e t  d i s t o r t i o n  p a t t e r n  was of t h e  same unusual na ture  as i n  t h e  blow 
i n s e r t  configuration t e s t i n g  with circumferential  d i s t o r t i o n  (reference 5 ) .  
Even without bleed from t h e  t i p ,  t h e  uns t a l l ed  range of operation was 
subs t an t i a l ly  increased with respec t  t o  t h e  undis tor ted  i n l e t  flow 
condition, Although t h e  s t a l l i n g  to ta l -pressure  r a t i o  was reduced, t h e  
reduction i n  s t a l l i n g  weight flow was so  l a rge  t h a t  t h e  s t a l l  l i n e  p lo t t ed  
considerably t o  t h e  lef t  of t h e  undistorted i n l e t  s t a l l  l i ne .  
of bleed a i r  from t h e  t i p  produced a f u r t h e r  increase  i n  uns t a l l ed  weight 
flow range. 
obtained makes it impossible t o  determine t h e  causes of t h i s  unusual 
s t a l l i n g  performance with circumferential  d i s t o r t i o n .  

The ex t r ac t ion  

However, t h e  l imited sample of i n l e t  and discharge conditions 

Samples of hot wire anemometer traces obtained a t  t h e  lo%,  50% and 90% 
immersions during the  i n i t i a l  s ta l ls  are shown i n  f i g u r e  13(c).  These 
indicated t h a t  t h e  r o t a t i n g  s t a l l  c e l l s  usua l ly  extended over t h e  outer  span 
of t h e  blades and were most severe a t  t h e  t i p  both with and without bleed 
ex t r ac t ion .  The i n i t i a t i o n  of s t a l l  was not abrupt, but ins tead  began wi th  
r o t a t i n g  s t a l l  c e l l s  forming in t e rmi t t en t ly  u n t i l  t h e  t h r o t t l e  valve was 
closed beyond t h e  point where s ta l l  first was observed. In  general ,  hot 
wire anemometer traces indica ted  t h a t  r o t a t i n g  s t a l l s  first formed a t  t h e  
t i p  i n  a highly unstable manner. 
r o t o r  t i p  was ab le  t o  delay t h e  formation of r o t a t i n g  s ta l l  c e l l s ,  but was 
less e f f e c t i v e  i n  t h i s  regard than was blowing. 

Extraction of bleed a i r  from over t h e  
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Performance i n  S t a l l  
da ta  poin ts  were recorded with and without bleed flow at  a l l  speeds. 
Although t h e i r  accuracy i s  questionable due t o  t h e  unsteadiness of t h e  flow 
with r o t a t i n g  s t a l l  c e l l s  p resent ,  t hese  d a t a  do i n d i c a t e  t h a t  t h e  decrease 
i n  performance caused by t h e  formation of s ta l l  c e l l s  i s  g r e a t e r  and t h a t  
t h e r e  i s  more hys t e re s i s  involved i n  c l ea r ing  t h e  s ta l ls  without bleed 
than when bleed a i r  i s  ex t rac ted .  

Ro ta t ing - s t a l l  and stall-removal ove ra l l  performance 

The number and r o t a t i v e  speed of t h e  s t a l l  cells was determined from hot 
wire anemometer traces obtained a t  t h e  10% immersion while t h e  veh ic l e  was 
operated i n  s ta l l .  
change while t h e  vehic le  was s t a b i l i z e d  i n  t h e  s t a l l e d  mode of operation, 
t h e  most t y p i c a l  values are l i s t e d  i n  Table 2(c) .  

Although t h e  number of s ta l l  c e l l s  f requent ly  would 

Unstalled Overall Performance 
da ta  po in t s  taken during circumferential  d i s t o r t i o n  t e s t i n g  is given i n  
Table 3 (c ) .  The compressor performance map, f i g u r e  11, is  based on 
ove ra l l  performance da ta  with zero and medium, o r  optimum, bleed flow rates. 
Data poin ts  on t h e  performance map which were obtained with optimum bleed 
flow are i d e n t i f i e d  by symbols with an "X" through them. 

A t abu la t ion  of a l l  ove ra l l  performance 

Figure 1 2  presents  p l o t s  of i n l e t  and discharge conditions f o r  Reading 76, 
a da ta  poin t  near s t a l l  a t  100% speed with zero bleed flow. A t  t h i s  
condition, t h e  circumferential  i n l e t  d i s t o r t i o n  screen c rea ted  a p a t t e r n  
a t  t h e  i n l e t  measuring s t a t i o n ,  plane 0.65, which had a value of t h e  
d i s t o r t i o n  parameter (Pmax - Pmin)/Pmax equal t o  0.114. 
pressures i n  t h e  d i s t o r t e d  and undistorted regions were used t o  determine 
t h e  above value.  

The average t o t a l  

As mentioned i n  reference 5, t h e  unusual s t a l l  l i n e  and uns t a l l ed  performance 
of t h i s  r o t o r  when operated with circumferential  i n l e t  d i s t o r t i o n  required 
addi t iona l  t e s t i n g  t o  be performed with more extensive instrumentation. 
The r e s u l t s  of t h a t  test  w i l l  be presented i n  t h e  next repor t  i n  t h i s  
series. 
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Figure 1.- Schematic diagram of bleed air system. 
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Figure 2.- View of bleed insert configuration no. 3. 

31 



rcl 
0 

F: 
0 
.rl 
c, 
cd 
0 
0 
4 



I 
I 
i 
i 
i 

9 -  
N 

c 
0 
.d 

33 



1 8.40” 

2.075” T 
(a). - Inlet Pitot-static rake. (b). - Casing boundary layer rake. 

Figure 5. - Photographs of instrumentation. 
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Discharge total temperature rake. 

A 

5.69" 

(d). - Discharge total pressure rake. 

Figure 5. - Photographs of instrumentation, 
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7.71 8” I 
(e). - Inlet distortion total pressure rake. (f). - Shielded hot wire probe. 

Figure 5. - Photographs of instrumentation. 
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Figure 6 (a). - Photograph of radial inlet distortion screen mounted 
on support screen. 
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Figure 6 (b), - Photograph of circumferential inlet distortion screen 
mounted on support screen. 
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Figure 10. -Inlet total pressure, exit total pressure and exit total 

temperature profiles at 100% design speed, with radial 
distortion, for Reading 49. 

42 



0 
In 
cu 

L 
0, n 

0 
0 N 

0 
0 

0 
In 

0 

V 
(u VI - 
E 

3 
E 

a, 

M 
.rl 
L 

5 

43 



1.3 

1.2 

1.1 

1 .o 

1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

d i s t o r t i o n  

6 8 10 12 14 16 i a  
Radius , i n  

Figure 12 .  - I n l e t  t o t a l  pressure,  e x i t  t o t a l  pressure and e x i t  t o t a l  
temperature p r o f i l e s  a t  100% design speed, with circumferential 
d i s to r t ion ,  f o r  Reading 76. 
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(a) Undistorted i n l e t  flow s ta l l  traces, design r o t o r  speed with 

maximum bleed flow rate. 
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(b) Radial d i s t o r t i o n  s ta l l  traces, design r o t o r  speed with zero bleed 

flow rate.  

( e )  Circumferential d i s t o r t i o n  s t a l l  traces, design r o t o r  speed w i t h  

medium bleed flow rate. 

Figure 13. -Sample hot wire anemometer s ta l l  traces. 
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